Abstract-A proposal is presented for an effective extraction method for crosstalk model parameters of high-speed interconnection lines. In the extraction procedure, mutual capacitance and mutual inductance of the coupled interconnection lines are extracted based on -parameter measurement, time-domain-reflectometry (TDR) measurement and subsequent microwave network analysis. The extraction method is useful for characterizing homogeneous guiding structures, where the propagation of coupled transverse electromagnetic (TEM) modes is supported. In contrast to previous extraction methods, the suggested procedure requires fewer on-wafer probing steps and does not need matched terminations in the test device for high-frequency probing. The extracted models can be readily used with simulation program with integrated circuit emphasis (SPICE) circuit simulation. The procedure can also be used for modeling the crosstalk in packaging structures and multichip module (MCM).
I. INTRODUCTION
R ECENTLY, interconnection lines on integrated circuit (IC), multichip module (MCM), and printed circuit board (PCB) have become critical elements for determining the performance of current high-speed integrated circuits and systems. This tendency will become more pronounced as the interconnection line width and spacing decrease and the interconnection line length and clock rate increase [1] . Electromagnetic radiation, crosstalk, simultaneous switching noises, delay, skew, impedance mismatch, and reflections are problems associated with high-performance interconnections. Even though a crosstalk model would be one of the most important design parameters for ensuring the correct operation of high-performance circuits and systems, there has been no systematic and intensive study on such models. An estimation Publisher Item Identifier S 1521-3323(00)03726-6.
of crosstalk phenomena utilizing line structures, dimensions, and signal frequencies is urgently needed. Consequently, an efficient extraction procedure for crosstalk model parameters is required.
In this paper, a simplified and efficient method for the extraction of the crosstalk model parameters of high-speed interconnection lines is proposed (Fig. 3) . In the proposed method, the voltage-coupling coefficient, the mutual capacitance, and the mutual inductance can be easily extracted from -parameter and time-domain-reflectometry (TDR) measurement. Compared to previous extraction procedures of crosstalk models [2] , the suggested procedure requires fewer probing steps and does not require matched termination conditions on a microwave probing pad. Importantly, the extracted crosstalk models can be easily merged into SPICE circuit simulation, since the crosstalk models are eventually represented in terms of the lumped mutual capacitance and the lumped mutual inductance between the coupled lines. The procedure is most useful for the interconnection lines of homogeneous guiding structures; an embedded microstrip line is an example of such a structure. For better control of impedance, greater use of multilayer planes and reduction of propagation loss encourage greater use of homogeneous guiding structures for future on-chip and on-MCM interconnection lines. In this paper, crosstalk model parameters of several homogeneous on-chip interconnection line structures, including an embedded microstrip (EM) structure and an inverted embedded microstrip (IEM) structure, have been extracted (Fig. 1) [3] .
First, the mutual capacitance and the mutual inductance of the EM and the IEM line structures on Si-substrate were obtained. Test devices were fabricated using a 1-poly and 2-metal Si process with different dimensions. Using the test device and a high-frequency CASCADE probe with a HP 8510 network analyzer, -parameter measurement was conducted. The reflection coefficients of the test patterns were derived from the TDR measurement using a HP 54120B digital sampling oscilloscope with a time domain reflectometry/transmission (TDR/T) option (HP 54 120-T). The extracted crosstalk model parameters were obtained utilizing frequency, spacing, width, and structure of the interconnection lines. Finally, the validity of the extracted model was examined by comparing the SPICE simulation based on the extracted model parameters and the time-domain crosstalk pulse measurement using TDT. transmission line remain unchanged in the wide frequency range, thereby minimizing signal dispersion and impedance mismatch. In addition, the phase velocity is not dependent on frequency. Since the digital signals contain the broadband frequency spectrum at their rising and falling edges, constant phase velocity and impedance are crucial properties of future high-speed digital interconnection lines. One of the most basic requirements for quasi-TEM mode propagation is a homogeneous guiding structure for the interconnection line. An embedded microstrip line is such a homogeneous guiding structure. Specifically, the proposed extraction method is based on microwave network analysis, which means that the interconnection line structures are assumed to transmit the quasi-TEM mode. The accuracy of the extracted model will decay at lower frequencies.
II. TEST DEVICE STRUCTURE
In this paper, two embedded microstrip structures, which can support the quasi-TEM mode transmission up to a signal frequency of 20 GHz, were used. These two structures are called the EM structure and the IEM structure, with cross-sections shown in Fig. 1 . It was verified that these structures transmit GHz digital signals without suffering from signal loss and dispersion [3] . Further, the structures are compatible with the present on-chip and MCM-Si planar processes. a G-S-G-S-G probe for 4-port probing is not necessary as port 2 and port 4 are terminated with an open structure. On the other hand, ports 1 and 3 are terminated with a coplanar waveguide structure, a G-S-G probe [4] . An input wave is applied to port 1 and far-end crosstalk is measured at port 3. Even though 2-port measurement is conducted, matched 4-port -parameters can be derived from the symmetrical property and the relation between the -parameters and the reflection coefficients. To minimize the impedance mismatch by connection between pads and coupled lines, a tapered line structure is adopted, with the first metal layer and second metal layer connected via the probing pads. By using the open termination for port 2 and port 4, 2-port probing was possible, so reducing the layout area of the test pattern and lessening the number of probing steps needed by the previous method [2] .
III. PROPOSED EXTRACTION PROCEDURE
The proposed extraction procedure is illustrated in Fig. 3 . First, using the on-wafer -parameter measurement, the 2-port -parameter matrix of port 1 and port 3 can be obtained (step 1). Reflection coefficients of the test embedded microstrip lines are obtained using the TDR measurement ( ). Then, the voltagecoupling coefficient ( ) is calculated from the -parameters with all ports matched, derived from the measured -parameters and the measured reflection coefficients (step 2). The mutual capacitance ( ) and the mutual inductance ( ) are calculated from the voltage-coupling coefficient (step 3) and from the known single line self-capacitance ( ) and self-inductance ( ).
With a homogeneous dielectric medium and open-termination of the near-end port (port 4), the near-end voltage-coupling coefficient ( ), single line parameters ( ), and crosstalk parameters ( ) can be linearly related, allowing an easy extraction of the crosstalk parameters [1] . Single line self-inductance and single line self-capacitance are calculated based on analytical model equations reported in previous publications [6] - [14] . The single line self-capacitance and single line self-inductance are assumed not to be perturbed by a nearby coupled line, an assumption proven acceptable after the extracted crosstalk model is found to be physically understandable. Next, the SPICE simulation was conducted using the extracted crosstalk parameters to simulate the far-end crosstalk pulse waveforms (step 4). Then the simulated waveforms were compared with the TDT measurements (steps 5 and 6), verifying the accuracy of the extracted crosstalk parameters. On completion of the verification, the extraction procedure of the crosstalk parameter is finalized (step 7).
Equations were required for the calculations in the procedure shown in Fig. 3 . In the 4-port network shown in Fig. 4 , ports 1 and 3 have pads for the CASCADE on-wafer probing, and ports 2 and 4 are open-terminated as shown in Fig. 2 .
is an incident voltage wave on port n toward the coupled line section, and is a reflected voltage wave from port n toward the outside. The scattering matrix, , is defined as a ratio of the reflected voltage wave to the incident voltage wave, as described in (1) (1) In Fig. 4 , the reflection coefficient is defined as the load reflection coefficient toward th load, as expressed in (2) (2) Ports 1 and 3 are connected to a 50 CASCADE probe of coplanar waveguide (CPW) structure, whereas ports 2 and 4 are open-terminated. The load reflection coefficients, as defined in Fig. 4 , can be expressed using the following equations. As mentioned previously, was obtained using the TDR measure- At this point, let us review the basic assumptions, which help to simplify (1). In the cross-section of the EM and IEM structures of the test device, the embedded microstrip lines are enclosed by a homogeneous dielectric guiding medium. In the test device, SiO was used as a guiding medium. For the coupled lines in the homogeneous medium, the far-end crosstalk without termination effects should be zero [1] . This results in (6) (6) Also, from the reciprocal property of the coupled line structure and the symmetry of the scattering matrix, , (1) can be further simplified to the form of (10), using the definition of , and as shown in (7)-(9)
, and are determined from the measured reflection coefficient and the transmission coefficient using the 2-port -parameter measurement of the test device, and the known load reflection coefficient of (3)-(5) using the TDR measurement. The measured reflection coefficient and the transmission coefficient are obtained when ports 1 and 3 are connected by means of the probe with the open-terminated ports 2 and 4. The input wave is applied to port 1 and the transmitted wave is measured at port 3. Then, using (5) and (10), we can obtain (11) (11) The parameters and are expressed as shown in (12) and (13) . Detailed derivations of and are given in the Appendix (12) (13) This allows the coupling coefficient to be calculated from the measured and and the derived and . is described in (14) , shown at the bottom of this page.
From the known and in (13) and (14), the voltage-coupling coefficient ( ) can be calculated. is defined as a near-end voltage-coupling coefficient when port 4 is open-terminated and no reflection occurs at ports 2 and 3 [1] . Using the matrix of (10) and the condition that and are equal to zero and that is equal to , the voltage-coupling coefficient can be represented as shown in (15) . (15) The mutual capacitance ( ) and the mutual inductance ( ) are related to the voltage-coupling coefficient ( ), the single line self-capacitance ( ), and the self-inductance ( ), as shown in (16)-(18), under the homogeneous medium assumption [1] (16) (17) (18)
IV. EXTRACTED CROSSTALK PARAMETERS
The extracted mutual capacitance and mutual inductance are shown in Figs. 5-7, and depend on frequency, spacing, line width, and line structure (Fig. 1) . The crosstalk models were extracted using the method proposed. Measurement frequency was limited to below 20 GHz due to the measurement limitations of the network analyzer. The measurement band can be (14) further extended and the extracted model will be equally useful while the quasi-TEM mode propagation is supported in the line.
Microwave network analysis is used in the formulations of the extraction procedure, which means that the quasi-TEM propagation is assumed to be along the lines.
As expected, the extracted mutual capacitance increases as the space between the two coupled lines decreases and the width of the microstrip line increases. This is clear in both the EM and the IEM structures and is observed as the dominant factor between the coupled lines.
As a secondary controlling parameter, the line width affects crosstalk. Mutual capacitance is increased by greater line width, since the fringe electric field on the surface of the coupled microstrip increases with greater line width. Mutual capacitance and mutual inductance remain almost constant over the frequency range from 2-20 GHz. The range of the coupling capacitance is below 70 fF/mm.
By contrast, mutual inductance is increased by reduced line width, as more magnetic field lines couple to the adjacent line when its width is reduced. The mutual inductance is estimated to be below 80 pH/mm.
In Figs. 5-7, the IEM structure can be seen to exhibit fewer crosstalk phenomena than the EM structure for a similar space and line width. Correspondingly, the mutual capacitance and the mutual inductance of the IEM structure are lower than those of the EM structure. This mitigated crosstalk of the IEM structure is caused by the higher loss of the IEM structure than that of the EM structure. This is mainly due to the effect of the lossy silicon substrate at signal frequencies over 1 GHz as the electromagnetic field of the IEM structure penetrates the silicon substrate, as shown in Fig. 1 . On the other hand, in the EM structure, the ground plane is placed between the line and silicon substrate, preventing the electromagnetic field lines from penetrating the silicon substrate. The silicon substrate of the test device is heavily doped resulting in a low resistance of 10 cm and an increased loss of the guiding medium.
V. VERIFICATION OF EXTRACTED CROSSTALK MODEL
Finally, the validity of the extracted crosstalk model was examined by comparing the SPICE simulation based on the extracted model parameters with the time-domain crosstalk pulse waveform using the TDT measurement. The TDT measurement was conducted using a wide bandwidth Digital Sampling Oscilloscope (HP 54 120B) with TDR/T option (54121T). The rise time of the input pulse in the TDT measurement was 80 ps. For the SPICE simulation, the extracted crosstalk models ( ) at 4 GHz and the single line model parameters ( ) at 4 GHz were used. The frequency of the model was chosen taking into account the fundamental frequency of the 80-ps input pulse. The of the 80-ps rising time is 4 GHz. In the SPICE simulation, the coupled lines, 2.2 mm in length, were divided into 4 sections, which correspond to a length of less than of the 4-GHz signal in the distributed circuit model. In the measurement and simulation, the input pulse was connected at port 1 (near-end active line) and the crosstalk was measured at port 3 (far-end quiet line). Figs. 8-11 clearly show the close agreement of the amplitude and the pulse shape between the simulation (Figs. 9 and 11 ) and the TDT measurement (Figs. 8 and 10 ), demonstrating the reliability and the usefulness of the extracted crosstalk model. This provides justification for the assumptions made in the formulations and the network analysis.
In both the pulse simulation (Figs. 9 and 11) and the TDT measurement (Figs. 8 and 10) , the crosstalk voltage of 1-m spacing is higher than that of 2-m spacing. The greater width line of the EM structure shows lower crosstalk voltage whereas the line with the narrow line width of the IEM structure shows lower crosstalk voltage. The assumptions used in this paper include the homogeneous dielectric medium condition and the zero far-end crosstalk of (6) . As can be found in the extracted mutual capacitance and mutual inductance in Figs. 5-7, EM structure has a higher crosstalk pulse voltage in both simulation (Figs. 9 and 11 ) and measurement. The simulated crosstalk peak in Figs. 9 and 11 predicts voltages of about 70% of the measured crosstalk peak voltage by TDT measurement in Figs. 8 and 10 .
The slight difference between the crosstalk pulse measurement and the simulated crosstalk pulse using the extracted model originates from the slight deviation of the homogeneous guiding medium assumption of the test interconnection line structures. Even though the test lines structures, EM and IEM structures can be regarded as homogeneous guiding structure as shown in Fig. 1 , they are not perfect homogeneous guiding structures. In the test structures, the signal lines are not covered completely by the ground metal planes as the case of the strip line. Hence, the part of the field is leaking to the air or to the Si substrate. The simulated waveform for the packaging structures of homogeneous guiding structure will exhibit results those are more precise.
VI. CONCLUSIONS
An efficient method for extracting crosstalk model parameters of high-speed interconnection lines has been proposed and successfully tested. Although the method was applied to on-chip interconnection lines, it can be usefully applied to the characterization of crosstalk phenomena in coupled interconnection lines on advanced packaging structures with a homogeneous guiding medium as used for high-speed interconnection applications. In the proposed extraction procedure, the crosstalk model parameters are obtained from the -parameter measurement, the TDR measurement, and the proposed equations based on microwave network analysis without additional de-embedding procedures. Finally, comparing the measured crosstalk pulse with the expected crosstalk pulse waveform using circuit simulation based on the extracted crosstalk models has showed the accuracy and reliability of the extracted crosstalk models. APPENDIX Equation (12) can be induced by the use of multiple reflection theory between ports 1 and 2. Assuming that an incident voltage wave is applied to port 1, then the measured reflection coefficient at port 1 is when port 2 is open-terminated. The measured reflection coefficient is the series summation of the sequential reflection [5] . The multiple reflections are illustrated in Fig. 12 . Total summation of the reflection is described in (A1), remembering that and as shown in (3) and (4) . From (A1), we can induce (A2). Thus, can be calculated from the measured -parameter and from the TDR measurement. This is used in (14) to determine the coupling coefficient
is the reflection coefficient at port 1 when port 2 is terminated with 50 . The definition of can be seen in (7) and (10) . Similarly, can be derived considering the multiple reflections in Fig. 13 . Thus, is the total reflection when port 2 is terminated with 50 , as described in (A3).
is used in (14) and (15) to calculate the voltage-coupling coefficient. Under the condition that the coupled line is terminated with 50 , can be derived using a similar procedure (Fig. 13) reflected wave incident wave (A3)
